ABSTRACT: The influence of nitrate enrichment on the response of natural phytoplankton populations to enhanced UV-B radiation was tested during a series of week-long mesocosm (1800 l) experiments carried out in Rimouski (Canada), Ubatuba (Brazil) and Ushuaia (southern Argentina). We set up 2 mesocosms at each site, one was submitted to ambient UV-B levels while the other received enhanced UV-B levels corresponding to a local 60% ozone-depletion scenario, and both were continuously mixed. Samples from the mesocosms were incubated in UV-transparent plastic bags (4 l) floating at the surface for 24 h. Half of these received nitrate, phosphate and silicate enrichments while for the other half nitrate was omitted. Responses in terms of photochemical yield (F v /F m , where F v is variable fluorescence after dark relaxation and F m is maximal fluorescence following short pulses of saturating white light, pulse amplitude-modulated [PAM] fluorescence) and high-performance liquid chromatography (HPLC) pigments, differed among sites and over time, particularly for Rimouski, where a large bloom took place in the mesocosms. Enhanced UV-B significantly increased photoinhibition in the surface bags, while nitrate addition partly relieved this inhibition only during the post-bloom period. The net growth of fucoxanthin was reduced by enhanced UV-B except during the post-bloom period, when it increased, probably because grazing pressure was reduced under enhanced UV-B (strong decrease in ciliates). In Ubatuba, cells were affected by the high ambient-light irradiances at the surface, and enhanced UV-B had no further effect, irrespective of the nutrient status. At Ushuaia, enhanced UV-B prevented all increases of fucoxanthin and chl a, with much less effect on chl b (green algae), and no nutrient response was observed. This strong and consistent negative response to enhanced UV-B is likely to be related to the cold temperature prevailing at Ushuaia at the time of the experiment (slowing repair) as well as the local community composition. In contrast, no effects of enhanced UV-B were observed in the stirred mesocosms at the 3 sites, indicating that mixing moderated the UV-B effects in all 3 experiments.
INTRODUCTION
It is now clearly established that the ozone-related increase in ultraviolet-B radiation (UV-B, 280 to 320 nm) may harm phytoplankton (Vincent & Roy 1993 , Vincent & Neale 2000 , Buma et al. 2003 . However, assessing phytoplankton response to UV-B in nature is complex for several reasons, including species-specific sensitivity, movement in the water column and light history of phytoplankton assemblages (Villafañe et al. 2004) , as well as the influence of co-occurring stresses (Litchman et al. 2002) .
While incident solar radiation is generally highest in the tropics, there is a more pronounced seasonal in-crease in ozone-induced UV-B flux from mid-to highlatitudes (Tarasick et al. 2003) . It has been suggested that tropical species are less sensitive to enhanced UV-B, because they have an evolutionary history of exposure to high and more constant PAR (photosynthetically available radiation, 400 to 700 nm), UV-A (320 to 400 nm) and UV-B flux that permits the development of adaptation processes (Hazzard et al. 1997 , Helbling et al. 1992 . In addition, the high temperatures of tropical regions favor fast repair of UV-B damage (Roos & Vincent 1998 , Critchley 2000 .
Combined UV-B and nutrient stress play an undetermined role in phytoplankton. Several studies have revealed that phytoplankton were more affected by enhanced UV-B radiation under nutrient-limited conditions (Cullen & Lesser 1991 , Bergeron & Vincent 1997 , Wulff et al. 2000 , Litchman et al. 2002 . Nutrient stress may increase the sensitivity to UV-B through the alteration of several mechanisms of protection, defence against UV-B radiation or repair after photodamage (Lesser 1996 , Bergmann et al. 2002 , Litchman et al. 2002 . In contrast, other studies found little or no increase of UV-B sensitivity in nutrient-stressed phytoplankton (Behrenfeld et al. 1994 , Furgal & Smith 1997 , Veen et al. 1997 , Wängberg et al. 1999 . Part of this discrepancy may be related to the time scale of the experiments, whereby short-term studies amplify the effect of enhanced UV-B because they are not long enough to allow repair or acclimation (Vernet 2000) .
Consequently, in the present study we compared the phytoplankton response to enhanced UV-B with or without nitrate addition in 3 environments, but after a 24 h period in situ to allow repair or acclimation to take place. This time period should be sufficient to allow significant growth recovery from nutrient deficiency, if any (Brussaard et al. 1998) . The 3 environments comprised a northern mesotrophic site (Canada), a tropical meso-oligotrophic site (Brazil) and a southern mesotrophic site occasionally exposed to the Antarctic ozone-hole (southern Argentina). These probably support communities that differ in terms of light-adaptation characteristics. All environments were submitted to an enhanced UV-B treatment representative of a 60% ozone-depletion scenario appropriate for the latitude of the chosen sites. This scenario reflects common ozone depletions observed in Antarctica (cf. (http://www.jwocky.gsfc.nasa.gov) NASA's total ozone mapping spectrometry [TOMS] data).
MATERIALS AND METHODS
Mesocosm experimental set-up. Mesocosm experiments were performed at Rimouski, Canada (48.4°N, 68.53°W) from 18 to 27 June 2000, at Ubatuba, Brazil (23.5°S, 45 .07°W) between 10 and 16 February 2001, and at Ushuaia, Argentina (54.8°S, 68 .2°W) between 6 and 15 November 2001. The experiments involved 2 floating mesocosms (∼1800 l, 1.2 m diameter and 2.3, 1.9 and 2.4 m deep at Rimouski, Ubatuba and Ushuaia, respectively) tied to a wharf. The mesocosms were made of UV-transparent polyethylene bags (light transmission = 85% in the UV range and 93% in the 400 to 750 nm range). They were all filled simultaneously 1 d before starting the experiments (Day 0) with 500 µm-filtered coastal seawater from near-surface (2 to 5 m) waters. In Ushuaia, nutrients (a 2 l solution containing 2 µM of NO 3 -and 3.3 µM of Si(OH) 4 ) were added to the collected seawater prior to filling the mesocosms, because the initial nutrient levels were too low to sustain a 10 d experiment (the low nutrients were due to the timing of the experiment, soon after the local spring bloom, but local waters are not oligotrophic in general, hence the decision to add nutrients in this case). The water in each mesocosm was continuously mixed with Little Giant ® pumps (Model 2-MD-MC) with an estimated complete turnover time of 1.3 h, maintaining a homogeneous water column and preventing cells from settling. Clear polyethylene sheets were placed over each mesocosm during the night, as well as when it rained. Surface-water temperature in the mesocosms was continuously measured with thermocouples (Type 'J') connected to a datalogger (Model 21X, Campbell Scientific). Salinity was determined from daily subsamples taken at the surface of the mesocosms using local salinometers or CTD instruments.
The 2 mesocosms were each exposed to a different UV-B treatment, either ambient UV-B (NUV-B) or enhanced UV-B conditions (HUV-B). The enhanced UV-B simulated a 60% ozone-depletion scenario from the average 1979 to 1982 TOMS ozone columns at the respective sites (Díaz et al. 2003) , using 4 preburned (>100 h) UV-B fluorescent light tubes (Philips TL 40W-12RS, emission peak at 313 nm, Díaz et al. 2003) suspended 30 to 40 cm above the water surface of the mesocosm. These ozone values were introduced as inputs in a model constructed by Díaz et al. (2002) to determine the climatological irradiances: namely, because of differences in the solar zenith angle, a similar ozone depletion will produce different relative increases in UV-B irradiances for different geographical locations and times of the year. This was taken into account by the model and explains the differences in relative increases between the NUV-B and HUV-B treatments for the 3 sites. During the Rimouski experiment, the lamps were turned on from 10:00 to 15:00 h for the 10 d of the experiment, while in Ushuaia they were on from 11:00 to 16:00 h from Days 3 to 10 (to allow some growth before the experiment began). In Ubatuba, the UV-B lamps were adjusted by a computer-controlled system with an electronic unit linked to UV-B detectors set in the NUV-B and HUV-B mesocosms. This system provided a constant proportional enhancement of UV-B, following the daily ambient variations (Díaz et al. 2003) . It unfortunately malfunctioned in Rimouski and Ushuaia (partly due to cold temperatures in Ushuaia which affected the lamps' electronic ballasts). For all sites, the lamps were covered with cellulose diacetate sheets (0.13 mm; changed daily) to filter-out the UV-C radiation emitted by the lamps. To simulate shading caused by the lamp set-up over the HUV-B mesocosm, wooden dummies were suspended at the same height over the NUV-B mesocosm.
Irradiance measurements. In Rimouski and Ubatuba, incident irradiance was recorded on the wharf using a surface radiometer (GUV510) at 5 wavelengths (305, 313, 320, 340 and 380 nm) as well as PAR; these readings also served to correct for cloud interference during the vertical profiles. In Ubatuba, an IL1700 (International Light) radiometer with SUD033/PAR/W (PAR: photosynthetic active radiation, 400 to 700 nm), SUD033/UVA/W (UV-A) and SUD240/SPS300/T/W (UV-B) sensors was used to adjust the variable UV-B lamp output. In Ushuaia, we used a Ground-based Ultraviolet Radiometer (GUV-510; Biospherical instruments) installed on the roof of CADIC (Centro Austral de Investigaciones Científicas, Argentina), 5 km from the site of the experiment. Daily fluence just below the water surface for each bioassay was obtained by time integration of incident irradiances over each day, corrected for the shading due to the lamp fixtures. Vertical profiles of UV and PAR irradiance in each mesocosm were obtained with a Profiling Ultraviolet Radiometer (PUV-500; Biospherical Instruments) recording at the same wavelengths as the GUV. The vertical attenuation coefficient (k d , m -1 ) was calculated from the slope of ln(irradiance) with depth, and the mean depth of 1% light penetration was determined as ln(0.01)k d -1 . Experimental design. To test for the combined effect of UV-B and nutrient status, water from each of the 2 mesocosms was enclosed in 4 l UV-transparent Ziploctype bags (transmission = 86 to 94% in the 280 to 750 nm range) and exposed at the surface of the mesocosms. We applied 2 treatments -UV-B and nutrients, each with 2 levels: (1) exposure to natural UV-B irradiance (in the NUV-B mesocosm) and (2) exposure to enhanced UV-B irradiance (in the HUV-B mesocosm), with 2 nutrient conditions for each: (1) all macronutrients added (All, nitrate, phosphate and silicic acid), and (2) all macronutrients added except nitrate (All -N). We filled 6 bags per mesocosm (3 for each nutrient treatment), and these were incubated floating just below the water surface of the respective mesocosms for 24 h (generally starting at 18:00 h). The concentration of the nutrient enrichments was chosen on the basis of the local ambient nutrient concentrations below the surface layer of each site, mimicking a mixing event with deeper waters. These additions were 15 µM NO Measured variables. Nutrients: Subsamples for nutrient analysis from the mesocosms and the small bags were filtered through precombusted Whatman GF/F filters, and the filtrate was collected after passage of at least 10 ml through the filters. In Rimouski and Ushuaia, the filtrate was frozen at -80°C in acid-cleaned polypropylene cryogenic vials for the local determination of ambient NO 3 -+ NO 2 -, NO 2 -, PO 4 3 -and Si(OH) 4 using a Technicon II Autoanalyzer (Strickland & Parsons 1972) . In Ubatuba, determinations of ambient NO 3 -+ NO 2 -and NO 2 -were made locally with a BranLuebbe Autoanalyzer II, and PO 4 3 -and Si(OH) 4 were analyzed following the method of Grasshoff et al. (1983) .
Particulate organic carbon and nitrogen: Subsamples for the determination of particulate organic carbon and nitrogen (POC and PON, respectively) were collected on precombusted Whatman GF/F filters stored at -20°C before being analyzed with a PerkinElmer CHN analyzer (Model 2400). Samples from Ubatuba and Ushuaia were frozen in liquid nitrogen, shipped to Rimouski in a dry-shipper, and stored at -20°C until analysis.
Taxon-marker and photoprotective pigments. Daily subsamples from mesocosms (1 l) and subsamples from each small Ziploc-type bag (300 to 500 ml) were filtered onto Whatman GF/F filters and immediately frozen in liquid nitrogen. Samples from Ubatuba and Ushuaia were shipped frozen to Rimouski using a dry-shipper. All samples were stored at -80°before analysis using high-performance liquid chromatography (HPLC) according to Wright et al. (1991) as modified by Roy et al. (1996) for the Rimouski samples, and using the method of Zapata et al. (2000) for the samples from Ubatuba and Ushuaia. The rate of change (d -1 ) or net community growth rate of chl a and taxon-marker pigments in the surface bags and in the mesocosms from each site was assessed from changes over 24 h using the equation
where C f and C i are the pigment concentration at final and initial times (t f and t i , respectively).
Fluorescence: Photosynthetic performance was assessed using fluorescence kinetics, measured following the multiple turnover method with a Xe-PAM (xenon pulse amplitude-modulated fluorometer from Walz: cf. Schreiber et al. 1993 ). The maximum quantum yield of the open Photosystem II (PSII) reaction centres (nomenclature according to Maxwell & Johnson 2000) was calculated with the following equation, (ANOVA), where the repeated measures were the successive incubations at each site. Normality was checked using the Kolmogorov-Smirnov test and the circularity assumption was checked using the Huynh-Feldt statistic (Scheiner & Gurevitch 1993) . Also, 1-way ANOVAs were used to test differences between nitrate conditions for each bioassay and for each UV-B treatment. The significance threshold was set at p < 0.05.
RESULTS

Mesocosms at the 3 sites
Maximal incident PAR and UV-B (305 nm) irradiances were highest at Ubatuba (∼2400 µmol photons m -2 s -1 and ∼9 µW cm -2 nm -1 respectively; Fig. 1 ) and lowest at Ushuaia (generally < 2000 µmol photons m , respectively). Irradiances just below the water surface in the mesocosms were ∼70 % of incident irradiances due to shading caused by the lamp fixtures. The daily fluence at the mesocosms' surface and averaged over the water column of the mesocosms was highest on Day 2 (first bioassay) and lowest on Day 10 (third bioassay) at Rimouski, and remained approximately the same for the various dates of the bioassays at each of the other 2 sites ( Table 1 ). The mean k d values and corresponding depths of 1% light penetration for PAR, UV-A (340 nm) and UV-B (305 nm) show that at Rimouski, PAR penetrated to the bottom of the mesocosms, UV-A reached only half of the mesocosm depth, and UV-B only one-third (Table 1) (Table 2) . When weighted with several biological weighting functions for inhibition of photosynthesis, this relative increase reached maximum values of 3.92 for Rimouski, 1.25 for Ubatuba and 4.16 for Ushuaia (Table 2) . These values are slightly high, but in the same range as in some of the previous studies on mesocosms (see Mostajir et al. 1999) . Mean water temperature at the surface of the mesocosms varied between 9.0 and 12.8°C at Rimouski, was constant at about 30°C at Ubatuba, and ranged between 6.2 and 8.6°C at Ushuaia. Salinity was 26, 34 and 32 at Rimouski, Ubatuba and Ushuaia, respectively. Ambient initial nitrate concentrations in the mesocosms were highest at Rimouski (14.5 µM), intermediate at Ushuaia (4.3 µM), and lowest at Ubatuba (1.5 to 2 µM) ( Fig. 2A ,C,E, respectively). For all 3 sites, these concentrations decreased rapidly, reaching close to undetectable levels on Day 7 at Rimouski, on Day 4 at Ubatuba and Day 6 at Ushuaia. A phytoplankton bloom developed in both NUV-B and HUV-B mesocosms at Rimouski and Ushuaia, reaching peak chl a concentrations near 25 µg l -1 on Day 7 at Rimouski and 8 µg l -1 on Day 6 at Ushuaia (Fig. 2B,F) . No bloom was observed at Ubatuba: chl a concentrations gradually declined from their maximum value of about 5 µg chl a l -1 on Day 2 (Fig. 2D ). For all 3 sites, there were few obvious differences between the trends for the NUV-B and HUV-B mesocosms.
Rimouski bioassays
During the first 2 bioassays, the POC:PON molar ratio was relatively low (<10, Fig. 3A ). At the start of the 61 ) conditions at the 3 sites on dates of 24 h surface incubations. No light data were available for third bioassay (Days 9 and 10) in Ushuaia. Daily fluence at surface was corrected for lamp-shading effect. Daily fluence averaged over water column was calculated from Riley (1957) and equals daily surface irradiance Table 2 . Relative irradiance increases provided by UV-B lamps (compared to ambient light), immediately below water surface at noon on sunny day. Spectral irradiances from PUV-500 profiling radiometer were weighted with biological weighting functions (BWF) for inhibition of photosynthesis for average mixture of diatoms and dinoflagellates (Neale & Kieber 2000) , for 2 green algae (a chlorophyte and a eustigmatophyte: Sobrino et al. 2005) , and for a diatom (Cullen et al. 1992 (Table 3) .
Chl a and taxon-marker pigments
The rate of change over 24 h of chl a and the 2 major marker pigments, fucoxanthin and chl b, was assessed in the mesocosms (from samples at 7:00 h on consecutive days) and in the bioassays (Figs. 4 & 5) . Whereas an increase in chl a was observed in the mesocosms (positive rate of change) during the first bioassay, a decrease took place in the surface bags at the same time ( ) indicating that surface conditions were not detrimental at that time. These net chl a increases are more likely to be the result of increased cell abundance than changes in the cell concentration of pigments, as chl a concentrations generally decrease under high irradiances (e.g. MacIntyre et al. 2002) . Interestingly, the net growth of chl a was lower in the HUV-B surface bags (All -N) than in the HUV-B mesocosm (0.6 vs. ~1 d -1
).
In the post-bloom period (third bioassay), chl a increased in the surface bags, while it decreased in the mesocosms. In this last bioassay, including nitrate in the nutrient enrichments slightly increased chl a in both UV-B treatments, but this was not statistically significant (Table 3) .
The major taxon-marker pigment detected at this site, fucoxanthin (~60% of chl a biomass), indicated the presence of diatoms (confirmed with microscopy; dominant species = Thalassiosira spp.). The repeatedmeasures ANOVA showed that the UV-B effect varied significantly among bioassays (Table 3) . During the first bioassay, growth at the surface was positive for NUV-B (unlike chl a), but clearly reduced compared to growth in the mesocosms for both UV-B treatments. In fact, the HUV-B treatment completely suppressed any increase in fucoxanthin in the surface bags (Fig. 5B) . In contrast, enhanced UV-B favored an increase in fucoxanthin in the mesocosms (Fig. 4B) . During the second bioassay (at the peak of the bloom), fucoxanthin increased both in the mesocosms and in the surface bags (as did chl a) at roughly similar rates (slightly higher at the surface). However, the response to enhanced UV-B differed, with a decrease at the surface, but an increase in the HUV-B mesocosm. HUV-B thus affected fucoxanthin negatively only in the surface incubations. During the third bioassay (post-bloom), fucoxanthin decreased in both mesocosms while it increased in all surface bags, with rates similar to those observed in the second bioassay. Including nitrate in the enrichments during the post-bloom period significantly increased fucoxanthin in the surface bags for both UV-B treatments, while there was no clear effect of enhanced UV-B (Fig. 5B) .
The other major marker pigment found at Rimouski was the green algae marker chl b (representing ~30% of chl a biomass). In the mesocosms, chl b showed an increase only in the HUV-B treatment during the first 2 d of the experiment (Fig. 4C) . Green algae were probably displaced by the strong diatom bloom that followed. In the surface incubations, chl b increased only for the NUV-B treatment during the first bioassay. Enhanced UV-B caused chl b to decrease in the surface bags (Fig. 5C) , suggesting a negative effect on green algae.
Photoprotective pigments
The chl a-specific pool size of xanthophyll cycle photoprotective pigments of chromophytes ([diadinoxan-
) showed higher values after the 24 h surface bioassay in the bloom and postbloom periods in all treatments (Fig. 6A) . In contrast, values remained constant in the mesocosms at the cor- responding times (not shown). The UV-B treatment had an overall significant effect on these pigments (Table 3) , with higher concentrations in the HUV-B treatment. This was most evident in the second bioassay (during the bloom). Hence, both incubation at surface and enhanced UV-B treatment induced an increase in these photoprotective pigments.
Fluorescence
Cells were strongly photoinhibited after 24 h surface incubation during the bloom and post-bloom phases (shown by decreases in F v /F m , Fig. 6B ). The decrease in F v /F m was highest (nearly 50%) during the bloom period. Enhanced UV-B significantly amplified the decrease in F v /F m (increased photoinhibition) throughout the experiment (Table 3) . The difference between NUV-B and HUV-B was small during the bloom (only about 10% more photoinhibition with enhanced UV-B), but much higher during the post-bloom period, where the F v /F m decrease rose from 27% (initial values) in NUV-B to 50% in the HUV-B treatment. The nutrient treatment also showed an overall significant effect on F v /F m , that was clearest during the postbloom period, when the addition of nitrate significantly reduced the F v /F m decrease in the enhanced UV-B treatment.
Ubatuba bioassays
During the first bioassay, the POC:PON molar ratio increased from ~9 to 13 after 24 h in all treatments, indicating progressive nutrient deficiency (Fig. 3B ), but nitrate addition had no significant effect, possibly because the major N source was not nitrate. At the start of the second bioassay, the POC:PON ratio was ~8 to 10 and it remained constant or decreased slightly after 24 h (Fig. 3B ) even though nitrate had by then reached close to undetectable levels (Fig. 2C) . Heterotrophs, which are generally present in oligotrophic environments, may have influenced this ratio. The nutrient-treatment effect was significantly different between the 2 bioassays (Table 3) . Growth rate calculated for chlorophyll a and b, and for taxon-marker pigments, in mesocosms for each bioassay at the 3 study sites. Treatments as in Fig. 2 bioassay was the POC:PON ratio significantly reduced (1-way ANOVA) under both UV-B treatments when nitrate was added, suggesting that nitrate was used only in the second bioassay.
Chlorophyll a and taxon-marker pigments Phytoplankton cells showed no increase in chl a in the mesocosms or the surface incubations in either bioassay (Figs. 4D & 5D) . In general, a more pronounced chl a decrease was observed in the surface bags than in the mesocosms, and this decrease was even more pronounced in the second bioassay. Furthermore, there were no significant UV-B or nutrient treatment effects on chl a overall ( Table 3 ). The major taxonmarker pigment detected was fucoxanthin (Figs. 4E & 5E), which here was probably an indicator of the presence of both prymnesiophytes and diatoms (small < 5 µm phytoflagellates dominated in the microscopy counts), followed by zeaxanthin, commonly found in cyanobacteria (Figs. 4F & 5F) (mostly Johannesbaptista pellucida). Chlorophylls c 3 (mostly prymnesiophytes) and b were also present. Fucoxanthin increased slightly only in the first bioassay when nitrate was present in the enriched bags (irrespective of the UV-B treatment). Fucoxanthin showed a slight increase in the mesocosms at this time. In both mesocosms and surface bags, fucoxanthin decreased strongly during the second bioassay, particularly under the enhanced UV-B treatment in the surface incubations (Fig. 5E) . The repeated-measures ANOVA indicated that the effect of both nutrient and UV treatments on the rate of change of this pigment varied significantly with the bioassay, with a small but significant increase when nitrate was added only in the first bioassay. Hence, nitrate addition allowed some growth of fucoxanthin-containing cells (or increased their fucoxanthin content) during the first 2 d of the experiment at Ubatuba, but not later on. . Growth rate (± SD) calculated for chlorophyll a and b, and for taxon-marker pigments in each bio-assay (surface bags) at the 3 study sites. Treatments and symbols as in Fig. 3 decreased more strongly in the surface bags in the first bioassay (Days 1 and 2) than in the second, the reverse was observed in the mesocosms, with a stronger decrease in the second bioassay. Zeaxanthin increased only during the second bioassay in the NUV-B surface bags without nitrate addition. This increase could have resulted both from a change in the relative abundance of zeaxanthin-containing cells (e.g. cyanobacteria) or from an increase in cell-specific photoprotection (Kana et al. 1988 , MacIntyre et al. 2002 . Addition of nitrate here caused a significant decrease in this pigment in the second bioassay, while there was no significant effect of nitrate in the first bioassay. In contrast with fucoxanthin or zeaxanthin, chl c 3 was the only pigment that increased under ambient UV-B conditions in the surface incubations, but in the first bioassay only (data not shown due to space limitation). Enhanced UV-B had a clear detrimental effect at this time, while no net growth was observed under all conditions in the second bioassay, with stronger decreases under NUV-B than under HUV-B. Nitrate addition had no effect on chl c 3 .
Photoprotective pigments
In both bioassays, the chl a-specific pool of photoprotective pigments increased significantly (1-way ANOVA) after 24 h at the surface, and also increased throughout the experiment (Fig. 6C) . In contrast, no significant differences were detected between the various treatments (Table 3) , although there were generally more photoprotective pigments under enhanced UV-B. In the mesocosms, photoprotective pigments remained constant between Days 1 and 2, but showed an increase between Days 4 and 5 (similar for both NUV-B and HUV-B mesocosms) (data not shown). Hence there was a larger increase in photoprotective pigments in the surface 24 h incubations compared to the mesocosms in the first bioassay, but similar increases in the second.
Fluorescence
A slight decrease in F v /F m was observed after the 24 h surface incubation in the first bioassay (24% F v /F m decrease in NUV-B, All -N, Fig. 6D ). Nitrate addition significantly reduced the photoinhibitory decrease in F v /F m under both UV-B treatments (Table 3 ; 1-way ANOVA). In the second bioassay, low F v /F m values were observed for all treatments, suggesting debilitating conditions. Cells exposed to HUV-B irradiance showed a better photosynthetic performance (higher F v /F m ) than cells from NUV-B. Here, nitrate addition caused an increase in F v /F m in both UV-B treatments, but this was significant only for the NUV-B treatment. Nitrate addition thus im- ) and photochemical quantum yield (F v /F m , where F v is variable fluorescence after dark relaxation and F m is maximal fluorescence following short pulses of saturating white light) at initial and final times of each bioassay at the 3 study sites.
Treatments and symbols as in Fig. 3 proved the photosynthetic performance in both bioassays, and samples from the HUV-B treatment showed a slightly better photosynthetic performance than those from NUV-B on Days 4 and 5. The smaller chl c 3 decrease in HUV-B compared to NUV-B surface bags in the second bioassay (data not shown), suggests that chl c 3 -containing prymnesiophytes contributed to this better performance at that time.
Ushuaia bioassays
The POC:PON molar ratio showed no signs of strong nutrient limitation at Ushuaia. It remained relatively low and constant (~7 to 9) in the pre-bloom period and the initial value increased slightly in the other 2 bioassays (Fig. 3C) . Addition of nitrate significantly reduced the POC:PON ratio overall ( Table 3 ), indicating that nitrate was used by the organisms present; this was particularly evident for the last 2 bioassays. There were no overall significant effects of UV-B enhancement on the POC:PON ratio.
Chl a and taxon-marker pigments
The most striking result at Ushuaia was that the enhanced UV-B treatment prevented all growth of chl a (negative rate of change) in all 3 bioassays while an increase was observed in most NUV-B surface incubations (Fig. 5G ). This lack of growth under enhanced UV-B was however not observed in the mesocosms, where chl a increases were observed in 2 of the 3 cases (Fig. 4G ). There was a similar trend, in both mesocosms and surface bags, of highest increases in all pigments during the first NUV-B bioassay. Nitrate addition had no effect, but enhanced UV-B had a clear and significant detrimental effect (Table 3 ). The major pigment markers at Ushuaia were fucoxanthin (~60% of chl a biomass), representing mostly diatoms (notably Pseudo-nitzschia sp.), and chl b (~30% of chl a biomass), representing green algae such as euglenophytes (mostly Eutreptiella sp.). Microscopic results also indicated the presence of cryptophytes (alloxanthin present) and small flagellates (< 3 µm) in this community. In the mesocosms, increases in fucoxanthin, chl a and chl b were only observed during the first bioassay (both UV-B treatments) and during the last bioassay (HUV-B, Fig. 4G, H & I) . In the surface incubations, enhanced UV-B prevented the growth of fucoxanthin (as for chl a) but not of chl b overall (Table 3) . While fucoxanthin increased only in the surface bags exposed to natural UV-B radiation (Fig. 5H) , chl b increased also under enhanced UV-B, particularly when nitrate was added (Fig. 5I) . No significant overall effect of the nutrient treatments was however detected for either pigments. Cryptophytes (alloxanthin, not shown) reacted similarly to fucoxanthin, while zeaxanthin showed the same tendencies as chl b. Hence, the enhanced UV-B conditions had more detrimental effects on chromophytes (fucoxanthin and alloxanthin) than on green algae (chl b and zeaxanthin) causing an increase in the relative abundance of green algae after 24 h at the surface. Nitrate addition had no significant influence in Ushuaia.
Photoprotective pigments
The chl a-specific pool of photoprotective pigments increased under all treatments after 24 h surface exposure in the pre-bloom period, with a slightly lower increase under HUV-B (Fig. 6E) . However, in the bloom and post-bloom periods, these pigments increased only under NUV-B conditions while they decreased under HUV-B conditions, reflecting the decrease of fucoxanthin-containing cells. Overall, the significant effect of the UV-B treatment over these photoprotective pigments differed as a function of bioassay, with clear decreases under HUV-B in the last 2 bioassays (Table 3) .
Fluorescence
In all 3 bioassays, the maximum quantum yield decreased when cells were exposed for 24 h at the surface in the NUV-B treatment (most strongly during the first bioassay, Fig. 6F ), while F v /F m remained constant or increased under HUV-B exposure. This increase took place mostly in the last 2 bioassays without nitrate addition, suggesting some suppression of photosynthesis with N enrichment (e.g. Lean et al. 1982) . Some of the high values reached by F v /F m (~0.8) suggest a strong contribution from green algae (Büchel & Wilhelm 1993) , consistent with the increasing relative abundance of these cells in the HUV-B bioassays. Hence, there was a clear overall effect of the UV-B treatment on F v /F m , and the response of F v /F m to the UV-B treatment differed according to the phase of the bloom, but no significant effect of the nitrate enrichment was observed (Table 3) .
DISCUSSION
Phytoplankton dynamics in mesocosms at the 3 sites
Several UV studies with natural phytoplankton communities have been performed in recent years using outdoors mesocosms (e.g. Mostajir et al. 1999 , Wängberg et al. 1999 , Bergmann et al. 2002 . Although different from the natural environment, this approach has advantages mostly in terms of the more natural light environment and presence of planktonic communities resembling local conditions. Nonetheless, mesocosms are enclosed environments, and hence growth of phytoplankton mostly depends on initial nutrient levels at the time the mesocosms are filled. Accordingly, the high initial concentration of nutrients at Rimouski favored the development of a large diatom bloom. Initial nutrient and chl concentrations in the mesocosms were close to local field conditions in the Lower St. Lawrence Estuary in early summer (Levasseur et al. 1984 , Levasseur & Therriault 1987 . The lower nutrient concentrations at the tropical site, Ubatuba, typical of these oligotrophic coastal waters (Teixeira 1979 , Aidar et al. 1993 , did not permit the development of a clear bloom in the mesocosms. In the southernmost site, Ushuaia, a bloom developed in the mesocosms as at Rimouski. However, chl a biomass reached lower values than at Rimouski, reflecting the lower concentration of nutrients available at Ushuaia.
As we were dealing with natural populations in the present study, microzooplankton and/or small mesozooplankton were present even though the seawater used to fill the mesocosms was pre-filtered through 500 µm filters. Their influence was not assessed in the small surface-incubated bags. Pheopigments are not a reliable grazing indicator under these conditions, as high irradiance should cause their photooxidation (SooHoo & Kiefer 1982) . However, we can assume that grazers were present in similar numbers in incubation bags from specific mesocosms at the beginning of the 24 h bioassays. The abundance of ciliates in the Rimouski mesocosms was determined on selected dates (S. Roy unpubl.) and showed a gradual decrease in the HUV-B mesocosm, as observed by Mostajir et al. (1999) . The decrease in grazing pressure in HUV-B may explain the slightly larger increases of chl a and fucoxanthin in HUV-B relative to NUV-B during the third bioassay (post-bloom) at Rimouski. A similar interpretation can be offered for the second bioassay at Ubatuba, which also showed larger decreases of chl c 3 under NUV-B than HUV-B (not shown). These effects can also be seen in the evolution of chl a from the mesocosms (Fig. 2) .
Site-specific variations in phytoplankton sensitivity to UV-B radiation
No clear effect of enhanced UV-B on the rate of change of pigments could be observed overall in the stirred mesocosms at all 3 sites (Fig. 4) , even though light conditions differed among them (Table 1) . A more complete description of the mesocosm response is in preparation (S. Roy et al. unpubl.) . This lack of effect of enhanced UV-B for pigments or cell abundance has been observed frequently in studies that use stirred mesocosms (e.g. Keller et al. 1997 , Wängberg et al. 1999 , Forster & Schubert 2001 , and probably reflects a moderating influence of mixing when repair is present (Helbling et al. 1992 , Neale et al. 1998 , Fouilland et al. 2003 . The presence of at least one such repair mechanism (D1 turnover) was ascertained in our 3 sites (Bouchard et al. 2005) .
In contrast, the response to enhanced UV-B in the surface incubations varied among the 3 sites. The only site where there was a clear overall detrimental effect of UV-B on pigment changes after a 24 h exposure was Ushuaia. The pigment data suggest that changes in community composition took place during these incubations, with slight increases in green algae and strong decreases in chromophytes under enhanced UV-B. Unexpectedly, this led to increases in F v /F m (and decreases in photoprotective pigments), probably more in response to taxonspecific changes than to photosynthetic performance alone. The relative abundance of green algae at Ushuaia could possibly result from the timing of the experiment (just after the spring bloom) and the ozone-hole period in southern South America and Antarctica (Solomon 1999 ). Other studies also found different taxon-specific UV-B sensitivity in this region, with phytoflagellates more sensitive than pennate diatoms during the summer (Hernando & San Román 1999) . Interestingly, this strong UV-B response occurred at the site that presented the smallest daily surface-fluences of the 3 sites, with lampinduced UV increases similar to those at Rimouski. While differences in community composition and in prior light acclimation probably affected this response, the low temperatures recorded at Ushuaia (the lowest of all 3 sites) are likely to have contributed to this UV-B sensitivity, notably in slowing repair processes (Bouchard et al. 2005) , and hence affecting growth under enhanced UV-B. Recent studies on the growth of intertidal macroalgae support the increased UV-B sensitivity as temperature decreases (Hoffman et al. 2003) , although cold temperatures do not always prevent growth of phytoplankton exposed to UV-B (e.g. Antarctic diatoms, Villafañe et al. 1995) .
The other temperate site, Rimouski, showed a variable response to the UV-B treatment, with detrimental effects on the net growth of pigments at surface most evident during the first 2 bioassays at Rimouski both for fucoxanthin and chl b (Fig. 5) . The initial response may reflect gradual acclimation to the higher average irradiance conditions of the mesocosms (only 2.3 m deep) compared to field conditions, where the water was taken from ~5 m depth (indeed, E k from P-E curves increased over the first few days: S. Demers unpubl.). Interestingly, even though the net growth of chl a or fucoxanthin was reduced by enhanced UV-B, the values were still high during the bloom and post-bloom periods while the daily fluence at the surface was the highest of the 3 sites for the HUV-B treatment (Table 1) . The fact that diatoms dominated the Rimouski assemblages and that a bloom was under way (with concomitant strong growth and repair rates) may explain this relative UV-B tolerance (Vernet 2000) , along with increases in photoprotective pigments in the surface incubations. UV-B has been shown to stimulate the diadinoxanthin cycle in some diatoms (Goss et al. 1999) . Photosynthetic performance responded differently: enhanced UV-B increased photoinhibition in all 3 bioassays at this site, but the relative increase in photoinhibition compared to that already present under ambient irradiance levels was greatest in the post-bloom period (third bioassay), perhaps reflecting less repair of UV damage when the nutrient conditions were deficient. Barbieri et al. (2002) also observed that post-bloom samples were more sensitive to UV inhibition of photosynthesis than prebloom or bloom samples. In contrast with the photosynthesis response, net growth of fucoxanthin was less affected at this time, probably because of a stronger UV-B effect on the grazers, causing an increase in net diatom growth (even though photosynthesis was affected) when grazing pressure was reduced (e.g. Bothwell et al. 1994) . Thus, the Rimouski results illustrate that the phytoplankton response can vary over a short time (1 to 2 d) and that the nutrient condition may affect this response (see next subsection).
The tropical site, Ubatuba, was strongly affected by ambient conditions, since there was almost no growth under all conditions tested, and photosynthetic performance was low from the start. UV-B addition thus had little further effect. This site presented the highest PAR, UV-A and UV-B irradiances of the 3 sites (Table 1) , suggesting strong photoinhibition (cf. low F v /F m values). High local temperatures favored high repair rates of UV damage, but this was insufficient to prevent an increase in photodamage (Bouchard et al. 2005) . After 4 d, enhanced UV-B seemed to cause a stronger decrease in fucoxanthin than in zeaxanthin. A community change combined with greater photoprotection (Fig. 6C ) may explain the higher F v /F m values for samples from the HUV-B mesocosm during the second bioassay. Overall, the photosensitivity of Ubatuba's phytoplankton is not surprising since the assemblages were dominated by small cells which generally sustain greater DNA damage in tropical environments (e.g. Boelen et al. 2000) .
Nutrient influence on phytoplankton response to UV-B
Nitrate addition to the enrichments in the surface bags significantly increased the net growth of fucoxanthin, and reduced photoinhibition only in Rimouski's third bioassay (post-bloom) and Ubatuba's first bioassay (where fucoxanthin increased only when nitrate was added), additionally reducing the POC:PON ratio in Rimouski. The fact that these significant effects were observed only for fucoxanthin suggests that the response to nitrate addition was principally by diatoms or other fucoxanthin-containing cells. During the third bioassay in Rimouski, positive growth in the surface bags (including those without nitrate addition, Fig. 5) , while both chl a and fucoxanthin were decreasing in the mesocosms (Fig. 4) , suggests that, in addition to nitrate, silicate was probably also limiting at this site. A concurrent limitation of these nutrients for the growth of diatoms was previously observed by Levasseur & Therriault (1987) in the Lower St. Lawrence Estuary, when both nutrients were depleted simultaneously. For all other bioassays, nutrient limitation was not sufficient to elicit a response from the nutrient enrichments, or nitrate was not the major source of nitrogen (N). This is often observed, especially in tropical regions, where regenerated N (Metzler et al. 1997) , molecular N (Paerl & Zehr 2000) and intracellular N stores are important (Lignell et al. 2003) . Cells previously grown with ammonium may also not immediately respond to nitrate additions (e.g. Young & Beardall 2003) .
The response of fucoxanthin to nitrate addition was similar between the NUV-B and HUV-B treatments, both for Rimouski's third and Ubatuba's first bioassay. However, photosynthetic performance showed a greater improvement when nitrate was added to the HUV-B surface bags (compared to NUV-B), indicating that photosynthetic performance was more affected by enhanced UV-B than was net population growth. Decreased protection under enhanced UV-B conditions, e.g. through a decreased synthesis of nitrogen-rich mycosporine-like amino acids (Litchman et al. 2002) or of PSII D1 proteins (Bouchard et al. 2005) , may cause increased sensitivity to UV-B under nitrogen-limited conditions. At Ubatuba, as enhanced UV-B had no effect, there were no differences between the nutrient response of the NUV-B and HUV-B treatments.
The lack of synergy between the nutrient and UV-B enhancement at Ushuaia is probably related to the large UV-B stress in the surface incubations that superseded nutrient limitation at this site. Since the experiment at Ushuaia was performed immediately after the local spring algal bloom, the phytoplankton present probably relied mostly on sources of nitrogen other than nitrate (Lignell et al. 2003) .
Conclusions
In summary, our results show that responses to increased UV-B during surface incubations varied among the 3 study sites. Phytoplankton from the northern site, Rimouski, was relatively sensitive to increased UV-B radiation and the response of the different taxonomic groups varied with the development of the bloom. The growth of diatoms at the surface was diminished, but not prevented by enhancing UV-B. Nitrate addition significantly reduced UV-B photoinhibition, but only in the post-bloom surface incubations. Phytoplankton from the tropical site, Ubatuba, was sensitive to the high ambient-light irradiances, and enhancing UV-B had no further effect. Nitrate addition improved the photosynthetic performance and net growth of fucoxanthin, but only during the first bioassay, and there was no interaction with the UV-B response. The southernmost and coldest site, Ushuaia, showed the strongest UV-B sensitivity, but also a variable response between taxonomic groups, with fucoxanthin (mostly in small phytoflagellates) unable to grow under the enhanced UV-B conditions while green algae (chl b) grew slightly. However, in contrast with the post-bloom response at Rimouski, this response was not affected by nutrient addition (little nutrient limitation). In contrast to these UV-B effects in Rimouski and Ushuaia's surface incubations, there was no visible influence of enhanced UV-B in the stirred mesocosms, suggesting that mixing had a moderating effect in these cases. Strong UV-B effects in surface incubations (often used for estimation of rate variables) are thus not necessarily representative of effects under field (or simulated field) conditions, and will generally overestimate UV-B effects. However, the trends in UV-B sensitivity observed in surface incubations may help predict changes in community structure in nature. For example, the greater tolerance of green algae relative to fucoxanthin-containing cells in Ushuaia's surface incubations matches the long-term increase in the ratio chl b:chl a in the mesocosms (S. Roy et al. unpubl.) , even though this was not clearly recognizable from the net change of pigments in consecutive days.
